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•  LiNio.5Mn1.5O4  nanoparticles  are  synthesized  with  synergistic  effect  of  PVP  and  EG. 

•  The  LiNio.5Mn1.5O4  nanoparticles  exhibit  excellent  rate  capability  and  cyclic  stability. 

•  Charging  protocol  of  CC  followed  by  CV  step  helps  understand  the  excellent  performance. 
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LiNio.5Mn1.5O4  was  synthesized  by  sol-gel  using  polyvinylpyrrolidone  (PVP)  as  dispersant  and  ethylene 
glycol  (EG)  as  size-controlled  additive.  Crystal  structure,  particle  morphology  and  electrochemical  per¬ 
formance  of  the  resulting  product  (PVP— LNMO)  as  cathode  of  lithium  ion  battery  were  investigated  with 
XRD,  SEM,  CV,  EIS,  and  charge/discharge  test,  with  a  comparison  of  LiNio.5Mn1.5O4  (LNMO)  synthesized 
under  the  same  conditions  but  without  using  PVP  and  EG.  It  is  found  that  PVP— LNMO  is  composed  of 
dispersed  LiNio.5Mn1.5O4  nanoparticles  with  uniform  size,  and  exhibits  far  better  rate  capability  and  cyclic 
stability  than  LNMO.  The  particles  of  the  latter  are  in  micro  size  due  to  the  aggregation  of  smaller  primary 
particles.  PVP-LNMO  delivers  a  reversible  discharge  capacity  of  96  mAh  g-1  at  20C  rate  with  a  capacity 
retention  of  93%  at  5C  rate  after  500  cycles,  while  only  40  mAh  g_1  and  53%  for  LNMO,  respectively.  The 
nanoparticles  provide  shorter  distance  for  electron  and  lithium  ion  transport  and  larger  surface  area  for 
electron  exchange  on  the  electrode/electrolyte  interface,  resulting  in  the  far  better  rate  capability  of  PVP 
—LNMO  than  LNMO,  while  the  room  among  nanoparticles  in  PVP-LNMO  releases  the  stress  of  Jahn 
—Teller  distortion  that  causes  destruction  of  LNMO  microparticles,  resulting  in  the  excellent  cyclic 
stability. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  battery  has  been  widely  used  in  electronic  devices 
such  as  cell  phones,  digital  cameras  and  laptop,  owing  to  its  high 
energy  density  and  excellent  cycling  performance,  but  its  energy 
density  needs  to  be  improved  for  the  large-scale  applications  such 
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as  power  source  in  electric  vehicles  [1  .  Spinel-structured 
LiNio.5Mn1.5O4  (LNMO)  is  a  promising  cathode  material  for  energy 
density  improvement  of  current  lithium  ion  battery,  because  it 
provides  higher  working  voltage  (4.75  V)  than  commercial  cath¬ 
odes  such  as  LiFeP04  (3.4  V),  LiCo02  (3.9  V)  and  LiMn204  (4.1  V)  [2]. 

However,  LNMO  presents  poor  cyclic  performance  due  to  the 
dissolution  of  Mn2+,  resulting  from  the  disproportionation  reaction 
of  Mn3+,  and  the  particle  separation  resulting  from  Jahn-Teller 
distortion  during  charge  and  discharge  cycles,  especially  at  elevated 
temperature  [3,4  .  Doping  Cr,  Co,  Ru,  Ti,  Nb,  Mo  or  Mg  in  LNMO  [5- 
12]  and  coating  LNMO  with  metal  oxides  [13-16]  are  the  main 
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approaches  for  the  stability  improvement  of  LNMO,  but  the 
improvement  is  not  satisfying  and  at  the  expense  of  a  capacity  loss. 

Nanoparticles  of  LNMO  exhibits  improved  performances  in 
terms  of  rate  capability  and  cyclic  stability  [17,18  .  Nanoparticles 
provide  short  paths  for  lithium  ion  transportation  in  particles  and 
thus  enhance  rate  capability  of  LNMO.  On  the  other  hand,  the  room 
among  nanoparticles  accommodates  the  lattice  stress  caused  by 
Jahn-Teller  distortion  during  cycles  and  thus  enhances  the  cyclic 
stability  of  LNMO. 

The  performance  of  spinel  LNMO  depends  to  a  great  extent  on 
the  sintering  temperature  [19  .  It  was  reported  that  the  spinel 


LNMO  sintered  under  800  °C  exhibited  well  cyclic  stability  [20]. 
Polyvinylpyrrolidone  (PVP)  was  used  to  control  particle  size  of 
LNMO  21],  which  is  similar  to  the  sucrose-assisted  combustion 
method  [22  .  However,  when  the  sintering  temperature  is  over 
800  °C,  the  nanoparticles  aggregates  resulting  in  the  deteriorated 
performance  of  LNMO  [23  . 

In  this  work,  we  proposed  a  facile  method  to  synthesize  LNMO 
nanoparticles,  in  which  chemical  homogeneity  on  an  atomic  scale 
was  assured  and  nanosize  particles  were  obtained  at  800  °C  with 
the  synergistic  effect  of  ethylene  glycol  (EG)  as  size-controller  and 
PVP  as  dispersants.  The  performance  of  the  resulting  LNMP 


E  M  :  Ni  /  Mb 


Fig.  1.  SEM  images  of  LNMO  (A  and  C)  and  PVP-LNMO  (B  and  D)  and  schematic  formation  mechanism  of  samples  (E,  a:  LNMO  and  b:  PVP-LNMO). 
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nanoparticles  (marked  as  PVP-LNMP)  was  compared  with  that  of 
the  LNMO  microparticles  synthesized  without  using  EG  and  PVP 
(marked  as  LNMP). 

2.  Experimental 

2.2.  Preparation 

Typically,  0.5  g  PVP  was  dispersed  in  the  mixed  solvent  of  50  mL 
distilled  water  and  2  ml  ethylene  glycol.  Subsequently,  manganese 
acetate  (Mn(CH3C00)2-4H20),  nickel  acetate  (Ni(CH3C00)2-4H20) 
and  lithium  acetate  (LiCH3C00-2H20)  in  a  stoichiometric  amount 
were  added.  The  solution  was  heated  to  90  °C  under  constant 
magnetic  stirring.  The  water  in  the  multi-component  system  was 
evaporated  to  achieve  a  green  viscous  precursor,  which  was  then 
dried  at  120  °C  under  vacuum  and  further  calcined  at  800  °C  under 
air  atmosphere  for  10  h  to  obtain  the  final  product.  LNMO  with 
micro  size  particles  for  comparison  was  prepared  in  the  same  way 
without  using  EG  or  PVP.  The  resulting  samples  were  heated  and 
cooled  at  a  rate  of  5  °C  min-1.  All  chemicals  for  the  sample  prep¬ 
aration  were  purchased  from  Aladin  (Wuhan,  China)  and  used 
without  further  treatment. 

2.2.  Characterization 

The  morphology  of  LNMO  was  observed  by  scanning  electron 
microscope  (JSM-6380,  Japan).  The  surface  area  was  determined 
with  BET  (Micromeritics  ASAP  2020  M)  at  liquid  nitrogen  temper¬ 
ature  (77  K).  The  crystal  structures  of  the  samples  were  analyzed  by 
X-ray  diffraction  (BRUKER  D8  ADVANCE,  Germany)  with  Cu  Ka 
radiation. 

2.3.  Electrochemical  measurements 

The  electrode  was  prepared  by  mixing  75  wt%  active  material 
with  15  wt%  acetylene  black  and  10  wt%  polyvinylidene  difluoride 
(PVDF)  binder,  coating  the  mixture  on  an  aluminum  sheet,  and  then 
cutting  the  sheet  into  pieces  with  1  cm  x  1  cm.  The  active  material 
loading  in  the  composite  electrode  was  2-3  mg  cm-2.  The  CR2025 
coin  cell  was  assembled  in  an  Ar-filled  MBraun  glove  box  by  using 
prepared  electrode  as  cathode,  lithium  film  as  anode,  Celgard  2400 
as  separator  and  1  M  LiPF6  in  EC:DMC  ( 1 :2  in  volume)  as  electrolyte. 

Charge/discharge  test  was  performed  on  Land  cell  test  system 
(Land  CT2001A,  China).  Cells  were  cycled  between  3.5  and  4.95  V 
(vs.  Li/Li+)  at  25  °C  with  a  charging  protocol  of  constant  current  (CC) 
followed  by  a  constant  voltage  (CV)  step  at  4.95  V  (vs.  Li/  Li+)  till  the 
current  decreased  to  one  tenth  of  the  CC  (1C  =  147  mA  g-1).  The 
cyclic  voltammetry  was  performed  on  Solartron-1470E  CellTest  at 
25  °C  between  3.5  V  and  4.95  V  at  a  sweep  rate  of  0.1  mV  s-1.  The  AC 
impedance  of  the  cells  was  measured  on  Autolab  (PGSTAT302N) 
over  the  frequency  range  of  105  Hz  to  0.01  Hz  with  an  amplitude  of 
5  mVrms. 

3.  Results  and  discussion 

3.2.  Crystal  structure  and  morphology 

Fig.  1  presents  the  typical  morphology  and  particle  size  of  the 
resulting  samples,  showing  the  difference  between  two  samples. 
The  sample  LNMP  consists  of  the  secondary  particles  (about  10  pm) 
formed  from  the  aggregation  of  the  primary  particles  (0.5-1  pm), 
as  shown  in  Fig.  1A  and  C.  Differently,  the  sample  PVP-LNMO 
consists  of  nanoparticles  (~200  nm)  that  are  dispersed  sepa¬ 
rately,  as  shown  in  Fig.  IB  and  D. 


Sol-gel  synthesis  of  oxide  materials,  a  route  leading  to  chemical 
homogeneity  on  an  atomic  scale  in  a  multi-component  system,  has 
been  widely  used  in  the  preparation  of  electrode  materials 
including  LNMO  [24-26].  The  sol-gel  synthesis  is  a  multi-process 
which  involves  conversion  of  a  precursor  solution  into  a  sol  and 
subsequently  transition  of  the  gel  to  an  oxide  compound.  A  gel  with 
a  continuous  inorganic  network  is  produced  by  a  series  of  chemical 
reactions  including  the  hydrolysis,  polymerization  and  condensa¬ 
tion  [27].  In  this  work,  acetates  were  used  as  organometallic 
compounds  for  forming  the  gel.  On  addition  of  water,  the  acetate 
M(CH3COO)n  (M  =  Mn,  Ni  and  Li)  hydrolyzes  to  form  the  hydroxide 
M(OH)n,  followed  by  polymerization  forming  the  -M-O-M- 
bonds  as  described  in  Eqs.  (1)  and  (2): 

-M-OH  +  HO-M - *  -M-O-M-  +  H20  (1) 

-M-OH  +  M(CH3COO)n  ->  — M— O— M(CH3COO)n_i 

+  CH3COOH  (2) 

In  this  manner,  inorganic  polymeric  oxide  networks  are  built  up. 
The  condensation  of  the  polymeric  oxide  forms  nanoparticles 
progressively.  The  nanoparticle  is  inhomogeneous  in  size  and  easily 
aggregated  during  the  condensation  in  the  case  without  using  EG 
and  PVP,  while  the  growth  and  aggregation  of  the  particle  are 
restricted  and  dispersed  LNMO  nanoparticles  with  uniform  size  can 
be  obtained  with  synergistic  effect  of  EG  and  PVP,  as  illustrated  in 
Fig.  IE.  Ethylene  glycol,  a  molecule  with  hydroxyl,  takes  part  in  the 
formation  of  sol  and  restricts  the  growth  of  particles  [28  .  As  a  non¬ 
ionic  surfactant,  PVP  forms  micelle  in  aqueous  solution  and  dis¬ 
perses  the  particles  [28,29  .  Surfactants  are  well  known  to  effec¬ 
tively  tailor  particle  shape  and  size  in  the  synthetic  process  [29,30]. 
The  BET  specific  surface  area  measurement  confirms  the  smaller 
size  and  the  more  uniform  dispersion  of  PVP-LNMO  particles. 
PVP-LNMO  has  a  specific  surface  of  3.76  m2  g-1,  while  LNMO  has 
only  0.88  m2  g-1. 

X-ray  diffraction  shows  that  both  LNMO  and  PVP-LNMO  exhibit 
cubic  spinel  structure  (the  space  group  Fd-3m),  as  shown  in  Fig.  2. 
The  lattice  parameters  calculated  from  XRD  using  Rietveld  refine¬ 
ment  are  8.166  A  for  LNMO  and  8.168  A  for  PVP-LNMO,  which  are 
almost  the  same.  This  result  indicates  that  the  use  of  EG  and  PVP 
does  not  affect  the  crystal  structure  of  the  resulting  product.  It  can 
be  seen  from  Fig.  2  that  both  samples  have  weak  diffraction  peaks  at 


10  20  30  40  50  60  70  80 
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Fig.  2.  X-ray  diffraction  patterns  of  LNMO  (a)  and  PVP-LNMO  (b). 
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Fig.  3.  Cyclic  voltammogram  at  a  scan  rate  of  0.1  mV  s  1  (a)  and  typical  charge-discharge  profile  of  LNMO  and  PVP-LNMO  electrodes  at  0.5C  between  3.5  and  4.95  V  (b). 


37.91,  43.86  and  63.5  26,  as  marked  with  asterisks,  which  can  be 
ascribed  to  NiO  and  LixNiyO.  It  is  a  common  feature  that  such  im¬ 
purities  are  observed  in  the  synthesis  of  LiNio.5Mn1.5O4,  when  the 
Ni  content  x  in  LiNixMn2_x04  exceeds  0.2  [31  . 

3.2.  Electrochemical  performance 

The  spinel  structure  of  the  resulting  samples  was  confirmed 
with  cyclic  voltammetry  at  low  scan  rate  and  constant  current 


charge/discharge  test  at  small  current  rate.  Fig.  3  presents  the  cyclic 
voltammograms  and  charge/discharge  profiles  of  the  resulting 
samples,  which  indicates  that  both  samples  are  characteristic  of 
spinel  structure.  The  redox  peaks  and  the  potential  plateau  at  about 
4.7  V  in  the  cyclic  voltammograms  (Fig.  3a)  and  the  charge/ 
discharge  profile  (Fig.  3b)  are  ascribed  to  the  two-step  oxidation/ 
reduction  of  Ni2+/Ni3+  and  Ni3+/Ni4+,  while  the  small  redox  peaks 
and  the  short  potential  plateau  at  about  4.0  V  are  attributed  to  the 
redox  reaction  of  Mn3+/Mn4+  couples  [11,32  .Apparently,  the  redox 
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Fig.  4.  Specific  capacity  as  a  function  of  cycle  number  at  different  current  rates  (a),  normalized  discharge  capacity  values  and  Ragone  plot  (b),  and  discharge  voltage-capacity 
profiles  for  LNMO  (c)  and  PVP-LNMO  (d). 
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Fig.  5.  Cyclic  performance  of  LNMO  and  PVP-LNMO  electrodes  (A)  at  25  °C  and  (B)  at  55  °C.  The  cells  are  charged/discharged  at  1C  and  5C  rate  (1C  =  147  mA  g  :). 


of  nickel  ions  mainly  contributes  to  the  lithium  ion  insertion / 
extraction  capacity  of  spinel  lithium  nickel  manganese  oxide. 
Although  both  samples  have  similar  cyclic  voltammetric  behavior 
and  charge/discharge  profile,  some  differences  can  be  distin¬ 
guished  between  two  samples:  the  difference  in  redox  peak  po¬ 
tentials  of  nickel  ions  is  smaller  for  PVP-LNMO  (ca.  0.13  V)  than 
LNMO  (ca.  0.16  V).  This  difference  indicates  that  PVP-LNMO  has 
faster  lithium  insertion/extraction  kinetics  (less  polarization  during 
lithium  insertion/extraction  process),  which  confirms  the  nanosize 
particles  of  PVP-LNMO.  It  can  be  expected  that  the  difference  in 
polarization  between  two  samples  will  become  significant  when 
increasing  charge/discharge  rate. 

Fig.  4  compares  the  rate  capability  of  two  samples.  Fig.  4a  pre¬ 
sents  the  variation  of  discharge  capacity  with  current  rates.  The 
cells  were  charged  at  0.5C  (1C  =  147  mA  g-1)  and  discharged  at 
different  rates.  The  capacity  delivered  by  the  two  samples  is  almost 
the  same  at  low  rates.  Flowever,  the  significant  difference  in  rate 
capability  is  observed  at  5C  rate  and  the  difference  increases  as  the 
rate  current  increases  further.  Both  samples  deliver  a  discharge 
capacity  of  125  mAh  g-1  at  1C.  At  20C,  however,  PVP-LNMO  de¬ 
livers  a  discharge  capacity  of  96  mAh  g^1  compared  to  the 
40  mAh  g_1  of  LNMO. 


Fig.  4b  presents  the  normalized  discharge  capacity  on  the  base 
of  0.5  C,  which  indicates  iconically  the  difference  in  rate  capability 
between  two  samples.  PVP-LNMO  retains  75%  of  its  0.5  C  initial 
discharge  capacity  at  20  C,  while  only  31%  for  LNMO.  The  inset  of 
Fig.  4b  compares  the  specific  power  and  energy  of  two  samples  at 
different  rates.  The  specific  power  (P)  was  calculated  according  to 
p  =  wt~\  where  W  is  the  specific  energy  calculated  by  integrating 
the  discharging  curves  and  t  is  the  total  discharging  time.  As  the 
specific  power  increases  from  340  W  kg-1  to  12,000  W  kg-1,  the 
specific  energy  of  LNMO  changes  from  586  Wh  kg-1  to  149  Wh 
kg-1,  while  PVP-LNMO  only  from  581  Wh  kg^1  to  386  Wh  kg-1. 
The  excellent  rate  capability  of  PVP-LNMO  should  be  attributed  to 
its  nanosized  and  well  dispersed  particles.  The  nanoparticle  pro¬ 
vides  the  short  transport  distances  for  both  lithium-ion  and  elec¬ 
tron  transport  within  the  particles  as  well  as  a  large  electrode/ 
electrolyte  contact  area  [6,33,34  . 

Fig.  4c  and  d  presents  the  discharge  profiles  of  two  samples  at 
different  rates.  The  increase  of  the  rate  results  in  the  overlap  of  two 
plateaus  in  the  4.75  V  and  4  V  and  the  negative  shift  of  discharge 
potential.  These  changes  are  less  significant  for  PVP-LNMO  than 
LNMO,  confirming  that  PVP-LNMO  has  smaller  polarization  than 
LNMO  during  lithium  insertion/extraction  process. 


Table  1 

Comparison  of  the  electrochemical  performance  property  of  PVP— LNMO  with  samples  reported  in  literature. 


Reference 

Additives 

Cathode  composition 

Rate  capability 

Cyclic  stability  (25  °C) 

(wt.%) 

/max  (c  units) 

Capacity  at  /max 
(mAh  g"1) 

/  (C  units) 

Cycle 

number 

Capacity 
retention  (%) 

[25] 

Ethylene  glycol 

80  wt.%  LNMO 

1 0  wt.%  carbon  black 

10  wt.%  PVDF 

5 

117 

5 

50 

95.7 

[33] 

Resorcinol  formaldehyde 

76  wt.%  LNMO 

12  wt.%  Super  S  carbon 

12  wt.%  PVDF 

40 

90 

1 

200 

93.7 

[26] 

PVP 

80  wt.%  LNMO 

1 0  wt.%  carbon  black 

10  wt.%  PVDF 

15 

103 

1 

200 

93.9 

[35] 

Triblock  copolymer  FI  27 

70  wt.%  LNMO 

20  wt.%  acetylene  black 

10  wt.%  PVDF 

50 

96 

1 

500 

86 

[23] 

PEG  400 

70  wt.%  LNMO 

20  wt.%  acetylene  black 

10  wt.%  PVDF 

15 

60 

0.25 

100 

78 

This  work 

PVP  and  ethylene  glycol 

75  wt.%  LNMO 

1 5  wt.%  acetylene  black 

10  wt.%  PVDF 

20 

96 

5 

500 

93 
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Nanoparticles  of  battery  materials  provides  larger  specific  sur¬ 
face  area  for  electron  transfer  reaction  and  thus  exhibits  better  rate 
capability  than  larger  particles.  However,  increased  surface  area  of 
nanoparticles  leads  usually  to  poor  cycle  stability  of  battery  mate¬ 
rials  due  to  the  dissolution  of  materials  in  electrolyte.  It  can  be 
noted  from  Fig.  4a  that  PVP-LNMO  recovers  its  primary  1  C 
discharge  capacity  after  cycling  at  20  C  and  has  a  higher  discharge 
capacity  retention  than  LNMO  after  200  cycles.  The  discharge  ca¬ 
pacity  at  200th  cycle  is  119  mAh  g-1  for  PVP-LNMO  but  only 
110  mAh  g-1.  This  result  suggests  that  PVP-LNMO  exhibit  not  only 
better  rate  stability  and  but  also  cycle  stability  than. 

To  confirm  the  cycle  stability  of  PVP-LNMO,  the  long-life  cycling 
performance  of  PVP-LNMO  and  LNMO  was  compared  at  1C  and  5C 
charge/discharge  rate  (Fig.  5).  Fig.  5A  presents  the  discharge  vari¬ 
ations  of  two  sample  at  1C  and  5  C  during  500  cycles  at  25  °C.  After 
500  cycles,  the  capacity  retentions  are  89%  at  1C  and  93%  at  5C  for 
PVP-LNMO,  while  only  71%  at  1C  and  53%  at  5C  for  LNMO, 


indicating  that  PVP-LNMO  exhibits  excellent  cycle  stability,  espe¬ 
cially  at  high  rate.  To  our  knowledge,  this  may  be  one  of  the  best 
performances  of  long-life  cycles  of  LiNio.5Mn1.5O4  samples  that 
have  been  reported.  The  best  capacity  retentions  reported  in  ref¬ 
erences  are  86%  at  1C  rate  after  500  cycles  [35],  90.5%  at  1C  and 
92.5%  at  5C  after  400  cycles  [36]  and  91%  at  2C  and  83%  at  5C  after 
500  cycles  [37],  as  shown  in  able  1.  Under  elevated  temperature, 
the  difference  between  two  samples  becomes  more  significant,  as 
shown  in  Fig.  5B. 

In  order  to  understand  why  PVP-LNMO  exhibits  excellent  cycle 
stability,  the  charge  performance  of  two  samples  was  analyzed  by 
separating  charge  capacity  into  constant  current  (CC)  and  constant 
voltage  (CV)  parts,  and  the  cycled  electrodes  were  characterized 
with  cyclic  voltammetry,  EIS,  XRD,  and  SEM.  Cyclic  voltammetry 
and  EIS  were  performed  on  the  cells  charged  and  discharged  at  1C 
in  a  voltage  range  of  3.5-4.95  V  for  three  cycles  firstly.  The  scan  rate 
was  0.1  mV  s^1  in  cyclic  voltammetry  and  the  voltage  was  kept  at 
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Fig.  6.  Charge  capacity  separation  of  LNMO  (A)  and  PVP-LNMO  (B)  in  terms  of  constant  current  (CC)  and  voltage  (CV)  at  5C  and  corresponding  CV  and  EIS  before  and  after  cycling. 
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Fig.  7.  XRD  patterns  of  LNMO  (a)  and  PVP-LNMO  electrodes  after  200  cycles. 


4.75  V  in  the  EIS  measurement.  Then  the  cells  experienced  200 
cycles  between  3.5  and  4.95  V  at  25  °C,  with  a  charging  protocol  of 
CC  followed  by  CV  till  the  current  decreased  to  one  tenth  of  CC 
(1C  =  147  mA  g-1).  The  charge  and  discharge  currents  are  5C.  Cyclic 
voltammetry  and  EIS  were  also  performed  on  the  electrodes  cycled 
for  200  cycles.  At  last,  the  cycled  electrodes  were  examined  with 
XRD  and  SEM. 

Usually,  CV  charge  to  battery  materials  can  recover  the  capacity 
loss  of  CC  charge  in  the  charging  protocol  of  CC  followed  by  CV, 
especially  at  high  rate  CC  charge  [30].  The  recovery  capacity  reflects 
the  rate-accepted  ability  and  the  stability  of  the  battery  materials. 
Fig.  6A  and  B  presents  the  variation  of  charge  and  discharge  ca¬ 
pacities,  together  with  the  separated  CC  and  CV  charge  capacities, 
of  PVP-LNMO  and  LNMO  with  cycling.  It  can  be  seen  that  two 


samples  exhibit  different  variation  of  CC  and  CV  charge  capacities. 
LNMO  has  an  initial  CV  charge  capacity  of  ca.  43  mAh  g'1  and  its  CV 
charge  capacity  increases  significantly  with  cycling,  as  shown  in 
Fig.  6A.  Differently,  PVP-LNMO  has  a  lower  initial  CV  charge  ca¬ 
pacity  (ca.  15  mAh  g-1)  and  its  CV  charge  capacity  increase  slightly 
even  after  200  cycles,  as  shown  in  Fig.  6B.  In  other  words,  the  CC 
charge  of  PVP-LNMO  accounts  mainly  for  charge  capacity  but  the 
CC  charge  of  LNMO  takes  up  only  a  small  part  of  the  total  charge 
capacity  and  needs  to  be  compensated  by  CV  charge.  This  analysis 
demonstrates  that  PVP-LNMO  has  far  better  rate-accepted  ability 
and  structure  stability  than  LNMO. 

The  nanoparticles  in  PVP-LNMO  not  only  exhibits  rate  capa¬ 
bility  by  providing  short  distances  for  Li  ion  and  electron  transport 
and  large  specific  surface  area  for  electron  exchange,  but  also  keeps 
its  structure  stability  by  providing  room  among  particles  for  the 
relief  of  the  lattice  stress  caused  by  Jahn-Teller  distortion  due  to 
the  formation  of  Mn3+  during  cycles  [6,34,38].  In  the  fully  lithiated 
LNMO,  the  average  oxidation  state  of  Mn  in  LNMO  is  equal  to  4. 
However,  after  discharged,  especially  at  the  voltage  lower  than 
4.0  V,  Mn3+  is  formed  [3].  In  contrast,  the  larger  particles  in  LNMO 
not  only  yields  poor  rate  capability  due  to  the  larger  resistance  for 
electron  transfer  on  the  interface  and  lithium  ion  transport  in  the 
bulk  39],  but  also  leads  more  easily  to  structure  destruction  and 
primary  particle  separation  due  to  the  Jahn-Teller  distortion.  In 
addition,  the  CV  charge  for  longer  time  to  the  larger  particles  at  the 
voltage  as  high  as  4.95  V  increases  the  decomposition  of  electrolyte 
and  the  dissolution  of  LNMO  [40]. 

The  faster  kinetics  of  lithium  ion  insertion/extraction  and  better 
stability  of  structure  in  PVP — LNMO  can  be  also  demonstrated  by 
cyclic  voltammetry  and  EIS.  After  200  cycles,  the  cyclic  voltam- 
mogram  of  PVP-LNMO  almost  keeps  the  same  shape  as  its  initial 
one  (Fig.  6B1).  However,  the  cyclic  voltammogram  of  LNMO 
changes  significantly:  the  redox  peak  current  was  reduced  and  the 
difference  in  peak  potentials  becomes  wider  (Fig.  6A1),  implying 
that  the  LNMO  electrode  suffering  serious  polarization  and  the 
some  structure  might  happen  in  the  electrode  due  to  the  cycling. 


Jahn-Teller  Distortion 

'  > 


Fig.  8.  SEM  images  of  LNMO  (A)  and  PVP-LNMO  (B)  electrodes  after  200  cycles  and  schematic  separation  of  particles  suffered  from  the  Jahn-Teller  distortion  of  LNMO  particles  (C). 
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The  interfacial  resistance  (taken  from  the  semicircle  impedance  of 
the  impedance  spectra  [41,42])  changes  slightly  for  PVP-LNMO, 
from  60  Q  to  80  Q  (Fig.  6B2),  while  significantly  for  LNMO,  from 
120  Q  to  260  Q  (Fig.  6A2),  indicative  of  the  faster  kinetics  of  lithium 
ion  insertion/extraction  in  PVP-LNMO  than  in  LNMO. 

The  structure  change  appearing  in  the  cycled  LNMO  electrode 
was  confirmed  by  XRD  and  SEM  examination.  Fig.  7  presents  the 
XRD  patterns  of  PVP-LNMO  and  LNMO  taken  from  the  cycled 
electrodes  after  200  cycles.  Both  samples  retain  their  spinel  struc¬ 
ture.  However,  it  can  be  found  by  comparing  Fig.  7  with  Fig.  2  that 
the  difference  in  peak  intensities  between  PVP-LNMO  and  LNMO 
have  changed  after  cycling:  LNMO  has  more  intensive  diffraction 
peaks  before  cycling  (Fig.  2)  but  the  corresponding  peaks  become 
less  intensive  after  cycling  compared  to  those  of  PVP-LNMO 
(Fig.  7).  In  addition,  there  appear  some  other  diffraction  peaks  (as 
marked  with  asterisks  in  the  inset  of  Fig.  7)  in  the  XRD  pattern  of 
cycled  LNMO  electrode.  These  results  suggest  that  the  crystal  par¬ 
ticles  of  LNMO  have  been  changed  significantly  and  some 
LiNio.5Mn1.5O4  have  decomposed  due  to  the  cycling,  while  PVP- 
LNMO  remains  its  structure  stability. 

Fig.  8  presents  the  SEM  images  of  the  cycled  electrodes  for  200 
cycles.  It  can  be  found  by  comparing  Fig.  8B  with  Fig.  2D  that  the 
morphology  and  particle  size  of  PVP-LNMO  remain  almost  the 
same  after  cycling,  except  for  the  additives  used  in  the  electrodes.  As 
shown  in  Fig.  8A,  however,  the  microparticles,  consisting  of  smaller 
primary  particles,  in  the  pristine  LNMO  (Fig.  2C)  have  been  sepa¬ 
rated  into  nanoparticles  that  are  smaller  than  the  primary  particles. 
These  results  verify  that  the  particle  morphology  remain  stable  in 
PVP-LNMO  but  deteriorates  in  LNMO.  In  the  case  of  LNMO,  the 
stress  resulting  from  Jahn-Teller  distortion  during  cycles  leads  to 
the  separation  and  even  destruction  of  the  primary  particles  (as 
shown  in  Fig.  8C).  The  separated  particles  loss  their  electronic 
contact,  resulting  in  the  poor  cyclic  stability  of  LNMO.  On  the  other 
hand,  the  destruction  of  particles  in  LNMO  is  accompanied  with  the 
decomposition  of  LiNio.5Mn1.5O4.  In  the  case  of  PVP-LNMO,  the 
room  among  nanoparticles  releases  the  stress  of  Jahn-Teller 
distortion  during  cycles  and  the  morphology  and  crystal  structure 
remain  stable  after  cycling,  resulting  in  the  excellent  cyclic  stability. 

4.  Conclusions 

In  this  paper,  we  reported  a  novel  sol-gel  method  for  synthe¬ 
sizing  LiNio.5Mn1.5O4  nanoparticles,  in  which  polyvinylpyrrolidone 
(PVP)  was  used  as  dispersant  and  ethylene  glycol  (EG)  as  size- 
controlled  additive.  With  the  synergic  effect  of  PVP  and  EG, 
dispersed  LiNio.5Mn1.5O4  nanoparticles  with  uniform  size  can  be 
obtained.  The  resulting  product  (PVP-LNMO)  exhibits  excellent 
rate  capability  and  cyclic  stability,  compared  to  the  LiNio.5Mn1.5O4 
product  (LNMO)  synthesized  under  the  same  conditions  but 
without  using  PVP  and  EG,  whose  particles  formed  by  the  aggre¬ 
gation  of  smaller  primary  particles  are  in  micro  size.  The  nano¬ 
particles  provide  shorter  distance  for  electron  and  lithium  ion 
transport  and  larger  surface  area  for  electron  exchange  on  the 
electrode/electrolyte  interface,  resulting  in  the  far  better  rate 
capability  of  PVP-LNMO  than  LNMO.  On  the  other  hand,  the  room 
among  nanoparticles  in  PVP-LNMO  can  releases  the  stress  of 
Jahn-Teller  distortion  during  cycles  that  causes  destruction  of 
LNMO  microparticles,  resulting  in  its  excellent  cyclic  stability.  The 
PVP-LNMO  prepared  this  work  exhibits  good  performance 
compared  to  the  samples  reported  in  literature. 
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